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Invasion by alien woody species is a major threat to biodiversity and ecosystem function in the Fynbos and Grassland Biomes of South Africa,
and riparian areas are particularly affected. Large stands of the Australian Acacia longifolia have been cleared in catchments in the grassy fynbos
of the Eastern Cape. After clearing mature stands of A. longifolia, the dead material is usually stacked, left to dry and eventually burned. There is
concern that this results in very high fire intensities to the detriment of native seed banks, and it has been suggested that smaller slash stacks or
burning when soils are damp could reduce this impact. We examined the effects of soil moisture (moist vs. dry), depth of burial (2 vs. 4 cm below
soil surface) and fuel load (small vs. large slash stacks of the kind typically constructed during clearing operations) on soil temperatures and seed
viability of A. longifolia and four common native plant species, viz. Hermannia hyssopifolia, Psoralea pinnata, Senecio chrysocoma and Virgilia
divaricata. In the field, an experimental burn of two slash piles was performed to determine the soil temperature during fire. Soil temperatures
were found to be higher in dry soils, at shallower depth and under higher fuel loads, with the effect of moisture being the most pronounced.
Temperatures in dry soils under large stacks exceeded 330 °C at 2 cm depth. A laboratory experiment showed that A. longifolia and P. pinnata had
higher germination in moist soils and at lower soil temperatures while V. divaricata showed the opposite response. S. chrysocoma had low
germination in all treatments and H. hyssopifolia did not show a consistent response to the treatments. Heat treatment increased germination in all
species, and seeds of all species could withstand maximum temperatures of up to 160 °C and sustained temperatures exceeding 100 °C for more
than 20 min. The results show that seed banks of these species can survive fires under slash stacks but stacking slash in smaller piles, or burning
when soils are moist, reduces the risk of losing seeds in the upper soil layers to extreme soil temperatures.
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Invasion by alien woody species is a major threat to
biodiversity and ecosystem function in the Fynbos and Grass-
land Biomes of South Africa, and riparian zones are particularly
vulnerable to invasion (Galatowitsch and Richardson, 2004;
Richardson and Van Wilgen, 2004). In the grassy fynbos of the
Eastern Cape, the Australian Acacia longifolia (Andrews)
Willd. (Fabaceae) is one of the major invaders. The species⁎ Corresponding author.
E-mail address: S.Vetter@ru.ac.za (S. Vetter).
0254-6299/$ - see front matter © 2008 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2008.01.179originates in south-eastern Australia and has become invasive in
South Africa and western Australia (Henderson, 1995; Groves
et al., 2005). In South Africa, it establishes mainly along rivers
and on mountain slopes where it forms dense stands of
vegetation and is able to out-compete native species for
resources (Pieterse and Cairns, 1986). Invasions by this and
other Australian Acacia species alter fuel properties, increase
the amount and nitrogen content of litter fall and cause changes
in nutrient cycling (Richardson and Van Wilgen, 2004; Yelenik
et al., 2004). Stands of woody invaders also reduce stream flow,
which has been the main motivation for a multi-million dollar
nationwide alien clearing initiative in South Africa, the Working
for Water programme (Van Wilgen et al., 1998).ts reserved.
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invaders, including A. longifolia, have been cleared under the
Working for Water programme. After clearing mature stands,
the dead material (slash) is usually stacked, left to dry and
eventually burned (Cilliers et al., 2004). Many of the areas
where A. longifolia has been cleared are inaccessible, making
the effort and cost of removing the slash prohibitive. It is
therefore unavoidable that most of the mature A. longifolia,
whether standing or in the form of slash stacks, will be burned
in situ despite evidence that removing the slash would be best
practice (Blanchard and Holmes, 2008-this issue). Surface
temperatures underneath burning slash piles, especially under
hot, dry and windy conditions, can be extreme and result in heat
scar formation with almost complete destruction of seed banks
and soil microorganisms (Bond and Van Wilgen, 1996; Holmes
et al., 2000; Cilliers et al., 2004). When slash piles are burned in
cool, humid conditions during winter, however, germination of
native and alien seeds can be high (Cilliers et al., 2004). This
suggests that building smaller slash stacks or burning when soils
are moist can reduce the risk of damaging native seed banks
during fires.
Many fynbos species are dependent on regeneration from
seed banks after fire (Le Maitre and Midgley, 1992; Holmes and
Newton, 2004; Newton et al., 2006), although the role of soil-
stored seed banks in riparian zones and the grassy fynbos is less
well understood (Fourie, 2008-this issue; Vosse et al., 2008-this
issue). In grassy fynbos vegetation, the grass layer promotes
frequent fires which reduce the availability of safe sites for
seedling recruitment. Re-sprouters thus dominate while few
species are obligate seeders (Le Maitre and Midgley, 1992;
Bond and Keeley, 2005). Since dense A. longifolia thickets
suppress native vegetation, however, much of the regeneration
following clearing is likely to rely on soil-stored seed. Fourie
(2008-this issue) found high densities of viable indigenous
seeds representing a range of life forms in soil samples from
grassy fynbos with an average of nearly 1600 seeds·m−2. The
same study showed densities of native and alien seeds in a
riparian zone to be even higher and distinct in composition from
the surrounding grassy fynbos vegetation. This suggests that
seed banks may be important for the regeneration of riparian
vegetation although Fourie (2008-this issue) and Vosse et al.
(2008-this issue) both found that many common riparian species
were not represented in the seed bank.
A major challenge of clearing programmes is to prevent re-
infestation of alien invasive species from persistent seed banks,
while promoting the re-establishment of native vegetation and
preventing soil erosion (Zavaleta et al., 2001). A. longifolia
produces large quantities of hard-coated, fire-stimulated seeds,
which form a long-lived seed bank in the absence of effective
seed predators. Riparian zones and the adjacent vegetation seem
to be particularly affected. In a grassy fynbos catchment
in the Eastern Cape, Fourie (2008-this issue) found mean
A. longifolia seed densities in the top 8 cm of soil to be nearly
4000 seeds·m−2 in the riparian zone and over 4500 seeds·m−2 in
the adjacent north-facing slope. Seed densities were less than
1000 seeds·m−2 in the other surrounding vegetation zones.
Much of the effort to control A. longifolia has been directed atdestroying the soil seed bank, preventing germination, killing
seedlings after germination or preventing seed production (Dean
et al., 1986; Henderson, 1992).
If seed banks are important for regeneration of natural
vegetation and re-establishment of invasive alien species, then it
is important to understand how the burning of slash stacks
affects both native and alien seed banks. Soil-stored seed banks
in fynbos tend to be concentrated in the upper 3–5 cm of the soil
(Pieterse and Cairns, 1986; Holmes, 2002; Cilliers et al., 2004;
Fourie, 2008-this issue; Vosse et al., 2008-this issue) and it is
therefore important to know what temperatures are reached in
this zone under different conditions, especially as many small
seeds cannot germinate from lower in the soil profile because of
their limited resources (Bond et al., 1999).
The aim of this study was to examine the effects of fuel load,
soil moisture and depth on soil temperatures and seed
germination. We experimentally burned two slash piles of
different fuel loads in the field and measured the resulting soil
temperatures in order to inform a laboratory experiment where a
controlled and constant amount of heat was applied to moist and
dry soils with seeds buried at different depths. During a fire,
there is a sharp gradient of soil temperature with depth (Aston
and Gill, 1976; Bradstock et al., 1992) and soil moisture acts as
a buffer against extreme temperatures because wet layers cannot
transmit temperatures above 100 °C until the water has
evaporated and the upper layers have dried out (Aston and
Gill, 1976). We thus predicted that lower fuel loads, moist soils
and greater burial depth would expose seeds to lower soil
temperatures. We then tested the effect of different treatments
on seed viability of A. longifolia and native plant species. The
focus was primarily on whether treatments resulting in very
high temperatures kill seeds of different species since the
destruction of native seed banks is an irreversible impact. Seed
germination in fire-prone systems is affected by a range of
factors affecting seed dormancy, including collection and
storage methods and cues other than heat such as charate and
smoke (Newton et al., 2006). Testing whether these additional




The study site was located in the upper reach of the Palmiet
River catchment near Grahamstown in the Eastern Cape
Province of South Africa (33° 20′S, 26° 29′E). Soil and seeds
for the germination experiment were also collected from this
area.
The vegetation at the study site is Suurberg Quartzite Fynbos
(Rebelo et al., 2006), which is dominated by perennial tussock
grasses, low ericoid shrubs and forbs. The riparian zone in the
study area was densely covered in alien vegetation, but the
riparian vegetation of nearby, uninvaded catchments is
dominated by Restionaceae, Cyperaceae and some woody
elements including Cliffortia graminea, Halleria lucida,
Burchellia bubalina, Rapanea melanophloeos and Erica
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with peaks in March and October/November (Rebelo et al.,
2006). The quartzite-derived soils are sandy, nutrient-poor and
acidic.
The area had been densely infested with A. longifolia and
other woody invasive species for over 30 years. The study site
was cleared of invasive alien vegetation in 1979, 2000 and most
recently in June, 2004. Parts of the valley were burned in 1980,
1996 and 2005. Alien vegetation re-established rapidly after
each fire and clearing operation. Fourie (2008-this issue)
describes the history of invasion, clearing and burning at the site
in more detail. To minimise the risk of causing a runaway fire,
we burned the slash stacks away from the river on an open area
that had burned in 2005 and where the ground was still largely
bare, apart from some bracken fern (Pteridium aquilinum).
2.2. Species used in germination experiment
Seeds of A. longifolia and four indigenous species were
used in the germination experiment. The indigenous species
used were Virgilia divaricata Adamson (Fabaceae), Senecio
chrysocoma Meerb. (Asteraceae), Psoralea pinnata L. (Faba-
ceae) and Hermannia hyssopifolia L. (Malvaceae). Our aim was
to represent common elements of the catchment's riparian and
grassy fynbos vegetation with a range of seed sizes. At the time
this study was initiated, the composition of the seed banks in the
study area was still unknown and thus we based our choice of
species on the above ground vegetation. We were limited to
those species for which enough seeds to conduct the germina-
tion experiment could be obtained. Although we aimed to
include species characteristic of the riparian vegetation, we
could not find enough seed. Fourie (2008-this issue) subse-
quently found few typical riparian species such as sedges,
restios and C. graminea in the riparian seed bank. The species
used in this study thus represent common elements of grassy
fynbos vegetation adjacent to the riparian zone in the catchment
we studied. Most of these species are widespread in the Fynbos
Biome.
V. divaricata is a common, fast-growing forest pioneer and
typically found in forest ecotones in the southern and south-
eastern Cape of South Africa. This species has a long-lived seed
bank, which is stimulated to germinate by hot fires (Geldenhuys,
1994; Schmidt and Vlok, 2002). Its seeds are of a similar size
(5.5×3.2 mm) to those of A. longifolia (6.5×2.3 mm; seed sizes
are the mean length and width of 10 seeds per species).
P. pinnata is a medium-sized shrub and also has hard-coated
seeds (3.4×2.1 mm) which germinate en masse after fire. The
species has become naturalised in parts of Australia and is one of
the most serious invaders in Tasmania (Groves et al., 2005).
S. chrysocoma andH. hyssopifolia are small pioneer shrubs with
small, hard-coated seeds (2.9×0.87 mm and 1.0×0.88 mm
respectively). All species are native to fire-prone ecosystems and
their seeds are therefore expected to be stimulated by a certain
degree of heat and resistant to heat at temperatures and durations
typical of at least a mild fire.
All seeds were collected from the surroundings of the field
study site. Ripe seeds of the indigenous species were harvestedfrom the parent plants, as it was impossible to obtain sufficient
numbers and reliably identify them from the soil seed bank.
Seeds were collected between March and June 2006 and kept in
paper bags in a cool, dry place until the germination experiment
was set up in August 2006. We were unable to obtain seeds of
A. longifolia from parent plants as almost all A. longifolia in the
study area were infested by a biocontrol agent (the gall wasp
Trichilogaster acacialongifoliae) which prevents seed set. We
used seeds from the seed bank instead, which had been collected
in October–November 2004 and stored in paper bags in the
laboratory under the same conditions as the other seeds. Since
the area had been burned previously (in 1980 and 1996), it is
likely that some of the seeds had already been exposed to a fire
but remained dormant. In a study conducted a year earlier, seeds
from the same batch were found to be both viable (tetrazolium
test: 98% positive) and dormant (seeds responded strongly to
germination pre-treatments including wet and dry heat, acid and
mechanical scarification but had very low germination without
pre-treatment; Nang'alelwa, unpublished data).
The fact that the indigenous and alien seeds were collected
and stored differently and that some A. longifolia seeds may
have experienced a previous fire must be considered when
comparing germination rates between species (Newton et al.,
2006). However, these differences should not affect compar-
isons of how different treatments affect each species.
2.3. Determining soil temperatures in the field
The burn took place in June 2006. On the day of the burn,
two adjacent slash stacks were assembled by a Working for
Water crew using dead and dry A. longifolia slash taken from
stands surrounding the study site. The two slash stacks were set
up to represent typical smaller and larger stacks produced under
normal clearance conditions. Each stack measured approxi-
mately 5×3 m at the base and the heights of the smaller and
larger stacks were about 1.2 and 1.6 m respectively.
A rain-out shelter was erected over the site where the
stacks were to be assembled to keep soils dry for two weeks
ahead of the burn. Half the soil under each stack was kept
dry and the other half watered the afternoon before the burn
took place. Water was gradually applied to soils in the moist
treatments at a rate of 7.5 l·m−2 which is equivalent to a
small (7.5 mm) rainfall event. On the morning of the burn,
this was found to have penetrated to a depth of more than
8 cm into the soil.
Probes of a K-type thermocouple (Wika Instruments,
Germany) were buried in the soil at 2 and 4 cm depths to
measure soil temperature. The availability of thermocouples
limited replication to a single thermocouple in each of the eight
treatment combinations of soil moisture, fuel load and soil
depth. After burying the thermocouples, the slash stacks were
assembled and ignited and soil temperatures were recorded over
a period of approximately 5 h. Readings were taken every 5 min
for the first 4 h and every 10 min until the temperatures
stabilised and the fire had completely died. Two weather
stations were set up to record ambient temperature, relative
humidity and wind speed for the duration of the burn. Only a
457M. Behenna et al. / South African Journal of Botany 74 (2008) 454–462single experimental burn was performed because of logistic,
labour and time constraints.
2.4. Laboratory experiment
A fully-factorial experiment was set up where combinations
of soil moisture (dry or moist), burial depth (2 or 4 cm) and
simulated fuel load (high or low; see below) were applied to
trays filled with soil and containing seeds of all study species.
Two controls, with seeds buried at 2 or 4 cm, were also
included. Although these latter trays had no heat applied to
them, they were placed in the greenhouse and watered in the
same way as the treatments. Five replicates were used per
treatment combination.
Aluminium baking trays were used as seed trays. Soil was
collected from the field site, sieved and laid out in black plastic
sheets for several days in the sun to kill any seeds that may have
been present. The soil was then passed through a 2-mm sieve
and placed in each of the seed trays. For the moist soil treatment,Fig. 1. Soil temperatures at 2 and 4 cm in wet and dry soils under small (“low”) and l
thermocouple.water was sprayed onto a large bucket of soil and allowed to
soak into the soil overnight so that all the soil was equally moist.
The moist soil was then mixed with a shovel and transferred to
trays. Seeds were buried at 2 and 4 cm in different trays. With
the exception of P. pinnata, for which too few seeds were
available, 10 seeds of each species were buried per replicate.
Only 2 replicates per treatment contained P. pinnata seeds and
only 6 seeds per replicate were used.
To simulate the heat generated by high and low fuel loads,
a gas oven with closed sides was constructed and a large,
inverted gas burner was used to apply controlled heat to the
surface of trays containing soil and seeds (cf. Aston and Gill,
1976; Bond et al., 1999). The flame was adjusted using a lever
on the gas burner. Standard “high” and “low” treatments were
established, which aimed to replicate the range of slash and
burn surface temperatures encountered in the field experiment.
This was done by placing trays 10 cm below the gas burners
with thermocouples buried at 2 cm and 4 cm depth to measure
the temperature. The flames were adjusted until temperaturearge (“high”) slash stacks in the field. Each line represents measurements of one
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“high fuel load” treatment the gas was turned to full for 30 min
and to half for a further 10 min, after which it was switched off
while the trays remained in the oven for a further 20 min. In the
“low fuel load” treatment, the gas was turned to full for 10 min,
half for 20 min and quarter for 10 min, following which trays
were left in the oven for 20 min with no flame. After removing
the trays from the oven, they were left to stand for an additional
20 min with the thermocouples in place.
Thermocouples were buried in the prepared seed trays at the
same depth as the seeds before the trays were placed into the
oven and the heat treatments applied. The temperatures were
recorded at 10-min intervals. The trays were placed in a
greenhouse, watered and monitored for several weeks during
which the soils were kept moist. Once seedlings began to
germinate, they were identified using reference seedlings which
had been planted in separate pots prior to the experiment.
Germination was recorded every 3 days for a month after the
first seedlings appeared by counting the number of seedlings per
species per tray. Once no more seeds germinated (which took
between 10 days for V. divaricata and 27 days for A. longifolia),
the final percentage germination was calculated.
2.5. Data analysis
After testing for normality and homogeneity of variances, a
3-factor ANOVA was used to examine the effects of soil
moisture, burial depth and heat application on the maximum
temperature to which the seeds were exposed. A 2-factor
ANOVA was done to determine the impact of species and
treatment (8 treatment combinations and 2 controls) on
percentage germination. Because the response to treatments
was found to differ between species, a separate 3-factor
ANOVA was then performed for each species to examine the
effects of soil moisture, burial depth and heat application on the
final percentage germination. Tukey's HSD test was used to test
for pair-wise differences between treatment combinations on
maximum soil temperature and germination. The effect of the
maximum soil temperature reached on the final percentage
germination was examined using regression analysis.
The control treatments were excluded from the factorial
ANOVAs examining the effects of soil moisture, depth and heat
treatment (as they did not include heat and moisture treatments)
and the regression analyses (as no temperatures were recorded).
The control treatments were included when performing Tukey's
HSD test to test for differences between treatment combinations
on seed germination. All analyses were performed using the
General Linear Model module of STATISTICA 7.
3. Results
3.1. Soil temperatures under different fuel loads in the field
The experimental burn took place on a cool, overcast day
(maximum temperature 18 °C), with light wind which peaked at
midday at 14 km/h. Relative humidity fluctuated between 55
and 70%. The slash piles were lit at 9:42 and, from about 20 minthereafter, temperature started increasing rapidly as the fire
spread throughout the stacks.
Peak soil temperatures were reached after between 25 and
85 min, depending on the treatment (Fig. 1). At 2 cm depth,
soils heated up faster and reached peak temperatures earlier than
at 4 cm. In the low fuel load/moist soil treatment, peak
temperatures were reached after 25–35 min. In all other
treatments, soils at 2 cm depth reached their peak temperatures
at 50–60 min. At 4 cm depth, soil temperatures in the different
treatments followed very similar trajectories with peak
temperatures of 70–73 °C at around 80 min. The temperature
difference between 2 and 4 cm depth was much greater in dry
soils, and only in dry soils at 2 cm did soil temperatures exceed
100 °C. As we predicted, maximum temperatures were highest
at 2 cm soil depth in dry soils under large stacks, exceeding
330 °C at 60 min. It seemed likely that the thermocouple
recording these extreme temperatures was buried under a
particularly large, smoldering log, but when the thermocouples
were removed from the soil this was not found to be the case.
3.2. Effects of simulated fuel load, soil moisture and depth on
soil temperature
Under controlled conditions with constant heat treatments
using a gas flame, we were able to simulate the temperature
profiles found in the field experiment. It was impossible, however,
to achieve the extreme temperatures found at 2 cm depth under
high fuel loads in dry soil without raising the temperatures in the
other treatments to levels above those found in the field using the
same standard flame treatment. Fig. 2 shows the temperature
profiles over time. As in the field situation, the temperature
difference between 2 and 4 cm depth was more pronounced in dry
soils, which also reached significantly higher maximum tem-
peratures (Fig. 3A). Peak temperatures at 2 cmdepthwere reached
after 20 min except in dry soils under high heat, which reached a
peak at 40 min (Fig. 2). At 4 cm, peak temperatures were reached
after 40–60 min. These peaks are very similar to the field
observations since the 20-min lag before temperatures rose in the
field was not observed in the laboratory. Only three treatments
resulted in mean maximum temperatures exceeding 100 °C: dry
soils at 2 cm under high (135 °C) and low (125 °C) flame and dry
soils under high flame at 4 cm (107 °C).
Soil moisture was found to have the strongest effect on
maximum soil temperature (F(1,192)=319.5, Pb0.00001)
followed by depth (F(1,192)=97.4, Pb0.00001) and flame
intensity (F(1,192)=43.5, Pb0.0001; Fig. 3A). Clearly the
strength of the latter effect depends on the difference in actual
fuel load in the field or gas flame intensity in the laboratory.
There were also significant interactions between moisture and
depth (F(1,192)=20.7, Pb0.0001) and all three factors
combined (F(1,192)=6.3, Pb0.05).
3.3. Effects of simulated fuel load, soil moisture and depth on
seed germination
Germination differed significantly between species (F(4,136=
61.3, Pb0.0001) and there was an interactive effect of species and
Fig. 2. Mean soil temperatures (N=5) recorded at 2 and 4 cm depth, in wet and dry soils, during heat treatments using a gas burner. For a description of the “low” and
“high” treatments, see text.
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no significant effect as the species differed in their response to the
various treatments (Fig. 3B–E). Overall, A. longifolia had the
highest percentage germination while S. chrysocoma had very low
germination in all treatments and V. divaricata,H. hyssopifolia and
P. pinnata had a similar range of germination percentages (Fig. 3).
All species had lower germination in the control treatment (often
zero germination) than in the heat treatments. All species were
found to have some germination even at the highest temperature
(160 °C) reached in one of the replicates of the dry soil/low flame/
2 cm treatment.
A. longifolia (Fig. 3B) had higher germination in moist soils
(F(1,32=21.5, Pb0.0001) and under the lower heat treatment
(F(1,32)=4.2, Pb0.05). Germination was lowest in the dry
soil/high flame/2 cm treatment and in the two controls.
Germination in the control treatment (at nearly 40%) was the
highest in this species, which could be an effect of soil storage
or exposure to previous fires. Germination of A. longifolia
was found to decrease with maximum soil temperature
(R2 =0.32, F(1,38)=17.9, Pb0.001).
In contrast, V. divaricata (Fig. 3C) had higher germination at
2 cm depth (F(1,32)=5.2, Pb0.05). There was also a significant
interactive effect of moisture and heat (F(1,32)=4.6, Pb0.05),
with germination higher in dry soils but only in the low heattreatment. Under high heat, soil moisture did not affect
germination. These effects are likely to be related to a positive
relationship of germination with maximum soil temperature
(R2 =0.19, F(1,38)=9.1, Pb0.01).
Germination of P. pinnata (Fig. 3D) was higher in moist soil
(F(1,8)=9.7, Pb0.05). This was the species for which only
enough seeds to include two replicates of six seeds per treatment
combination were available. ATukey's HSD test comparing all
treatment combinations including controls showed no signifi-
cant differences. The two control treatments had very different
germination percentages, with no germination at 2 cm and 40%
at 4 cm. There was no correlation between germination and
maximum temperature for this species.
S. chrysocoma had very low or zero germination, and no
significant treatment effects were detected (Fig. 3E). There was
no evidence that seeds lost viability in dry soils at 2 cm, where
the highest soil temperatures were reached. It is likely that a
dormancy-breaking treatment other than heat would have
increased germination.
There was an interactive effect of soil moisture and burial
depth on germination of H. hyssopifolia (F(1,32)=13.3,
Pb0.001). In dry soils, germination was higher at 2 cm depth
and in moist soils germination was higher at 4 cm. Germination
was highest in dry soils under low flame at 2 cm depth. There
Fig. 3. Maximum soil temperature and final percentage germination of seeds ofAcacia longifolia and four indigenous species under simulated burns. Bars showmeans+S.D.
(N=5 except for d) where N=2). In each graph, treatments labeled with the same letter were not significantly different from one another at the 5% level (Tukey's HSD).
Treatments codes: soil depth (2=2 cm, 4=4 cm), soil moisture (W=moist, D= dry) and simulated fuel load (H= high, L = low; for description of the heat treatments, see text).
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germination and maximum temperature.
4. Discussion
4.1. Effects of fuel load, soil moisture and depth on soil
temperature
As we predicted, soil temperatures increased with fuel load
and decreased with soil moisture and burial depth and this
agrees with studies elsewhere (Aston and Gill, 1976; Bradstock
et al., 1992; Bradstock and Auld, 1995; Bond et al., 1999). We
found that soil moisture had the greatest effect on soil
temperatures during fire. In the field experiment, the maximum
temperature recorded in moist soils was 81 °C, compared to
over 330 °C for the same treatment on dry soils. Only two
replicates of the high flame treatment on moist soils resulted in
soil temperatures exceeding 100 °C at 2 cm depth. This suggests
that burning slash stacks when soils are moist greatly reduces
the risk of reaching extreme soil temperatures. While substantial
treatment differences were apparent at 2 cm soil depth, soil
temperatures at 4 cm differed very little between treatments,
suggesting that the effects of high fire intensities may be limited
to the top 2 or 3 cm of soil.4.2. Effects of fuel load, soil moisture and burial depth on seed
germination
Seeds of all the species included in this study had increased
germination under simulated fire, and some seeds of all species
remained viable even when exposed to temperatures in excess
of 120 °C for several minutes. Jeffery et al. (1988) reported that
seeds of the Australian invader Acacia saligna remained viable
when exposed to 150 °C for up to 2.5 min or 215 °C for up to
1 min, and seeds of Virgilia oroboides remained viable when
heated to 80 °C for up to 60 min and 150 °C for up to 1 min.
These two species are related and ecologically similar to
A. longifolia and V. divaricata which were used in this study.
We found that the heat tolerance of A. longifolia did not exceed
that of the other species studied over the range of temperatures
achieved in the experiment. Higher temperatures in the
laboratory experiment would have revealed how the lethal
temperatures differ between species.
Overall, A. longifolia was found to have the highest
percentage germination, but it is impossible to conclude
whether this is due to its different biology or a result of
different seed collection and storage methods. Newton et al.
(2006) found that soil-stored seeds of Cannomois virgata
(Restionaceae) had higher germination than seeds stored in the
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studied here.
4.3. Implications for management
The results suggest that burning slash stacks when soils are
moist reduces the risk of killing soil-stored seeds, even at 2 cm
in the soil profile. This suggests that the wet banks of the
riparian zone are to some extent protected against fire damage to
seed banks, but more data on the heat tolerance of species such
as sedges found in riparian seed banks (Fourie, 2008-this issue)
are needed and it would be an advisable precaution to keep
riparian zones free of slash stacks. In the grassy fynbos
vegetation adjacent to the riparian zone, controlled burns in
areas with slash stacks should be timed to take place in cool
conditions when soils are moist wherever possible. A potential
drawback of this approach may be that soil temperatures may be
too cool to stimulate germination of fire-cued seeds. In the
grassy fynbos, however, fires recur relatively frequently (Le
Maitre and Midgley, 1992; Rebelo et al., 2006), provided the
grass layer re-establishes after clearing and burning. Subsequent
burns can be undertaken when soils are dry without risking the
extreme temperatures found under slash stacks.
Our experiments suggest that burning under cool, moist
conditions favours germination of A. longifolia seeds. This may
appear to be an undesirable outcome but if seeds germinate,
seedlings can be killed in follow-up operations and the seed
bank is depleted this way. Seeds that remain dormant in the soil
pose future problems, and using very hot fires to destroy the
seed bank of A. longifolia comes with the risk of destroying
native seed banks at the same time. Monitoring and follow-up
clearing of A. longifolia seedlings needs to take place after each
fire.
Research in the mountain fynbos of the Western Cape
suggests that recovery after clearing and burning is better if
slash is removed or left standing than if it is stacked and burned
(Holmes et al., 2000; Blanchard and Holmes, 2008-this issue).
Although removing slash appears to be ecologically the
soundest method (Blanchard and Holmes, 2008-this issue), so
far the costs have precluded this option in many areas. If
stacking the slash in situ is unavoidable, our data suggest that
smaller slash stacks reduce the risk of damaging seed banks
when soils are dry. Even when the intention is to burn when
soils are moist, wildfires can be difficult to prevent or control,
and there is a risk that much or all of the native seed bank is
destroyed in the upper soil layers when large slash stacks are
burned under hot and windy conditions (Cilliers et al., 2004).
While data on post-clearing treatments are now available for
the mountain fynbos of the Western Cape, data for riparian areas
are still scarce and hardly any data exist for the grassy fynbos of
the Eastern Cape. Studies to compare vegetation recovery from
seed banks under standing aliens vs. slash stacks are needed.
The effects of different configurations of slash stacks should
also be investigated. While soil temperatures may be less
extreme under smaller slash stacks, there is a trade-off whereby
smaller stacks take up more area, whereas larger stacks can
leave more cleared area free of stacks. Cilliers et al. (2004)found such cleared areas to have reasonably good recovery after
a wildfire, better than under standing aliens or under stacks.
Until better data are available, however, smaller stacks or
burning aliens standing, preferably under cool conditions,
would reduce the risk of destroying native seed banks and other
negative effects associated with very high soil temperatures.
More research is needed on the role of soil-stored seed banks
in the recovery of natural vegetation in the grassy fynbos and its
riparian areas after clearing mature stands of woody, invasive
plants. Many species in the grassy fynbos rely on re-sprouting,
but adult plants may have largely been eliminated in densely-
invaded areas. Holmes and Cowling (1997) found re-sprouters
to be almost completely absent after sites with a long history of
invasion by Acacia saligna had been cleared in the Cape
Peninsula. Recent data on seed banks in riparian areas (Fourie,
2008-this issue; Vosse et al., 2008-this issue) found many of the
typical riparian elements missing from the seed bank. This
suggests that rehabilitation, using propagules of native species,
may be necessary after clearing mature stands of A. longifolia in
the riparian zone and surrounding vegetation in grassy fynbos
catchments.
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